Background: Gastrointestinal nematode infections, such as Haemonchus contortus and Mecistocirrus digitatus, are ranked in the top twenty diseases affecting small-holder farmers' livestock, yet research into M. digitatus, which infects cattle and buffalo in Asia is limited. Intestine-derived native protein vaccines are effective against Haemonchus, yet the protective efficacy of intestine-derived M. digitatus proteins has yet to be determined.
Introduction
Infections with blood-feeding gastrointestinal nematodes, such as Haemonchus contortus and Mecistocirrus digitatus, cause significant animal welfare and production losses globally [1, 2] . The latter is an important blood-sucking nematode of cattle in Asia and Central America [3] . In Asia and Africa, where resource-poor small holder farming is more common, gastrointestinal nematode infections of livestock are ranked in the top twenty diseases of livestock affecting the farmers ability to maintain food security and contribute to economic growth [4] . Control of these parasites is currently achieved by the regular use of anthelmintics: However, this approach leads to the inevitable development of anthelmintic resistance [5] . In Tamil Nadu, India, a recent survey (Dicker et al, unpublished) found evidence of widespread inefficacy of albendazole, levamisole and ivermectin against H. contortus in sheep and goats. As such, novel control strategies, such as vaccines, are urgently needed to enable resource-poor small-holder farmers in Tamil Nadu to control parasite infections in their livestock to ensure their food security.
Substantial progress has been made in identifying several antigens from H. contortus which, in their native form, stimulate sufficiently high levels of protective immunity (70-95% reductions in faecal egg output) in the ovine host to indicate that vaccination is feasible [6] [7] [8] [9] . Much previous work by other authors has focused on proteins or protein complexes expressed on the surface of the worm gut which are exposed to the blood meal and, hence, antibody ingested with it. The antigens generally, but not in all cases, show protease activity and the antibody is thought to mediate protective immunity by blocking the activity of enzymes involved in blood meal digestion within the parasite [10] . The recent increase in genomic data for nematodes such as Caenorhabditis elegans, H. contortus, hookworms and the trematode Fasciola hepatica has allowed identification of novel candidate vaccine antigens whilst proteomics analysis has aided in the identification of post-translational modifications which affect protein folding and protein immunogenicity [11] [12] [13] (http:// nematode.net/NN3_frontpage.cgi). Compared to H. contortus, very little is known about M. digitatus, with only 25 nucleotide sequences, 12 genes and 38 protein entries present on NCBI (http://www.ncbi. nlm.nih.gov/, 31 st May 2013) and no information on the potential for vaccination as an alternative to anthelmintics. Proteomics has been used to investigate other potential vaccine candidates such as excretory/secretory products from adult Ostertagia ostertagi and H. contortus and larval Teladorsagia circumcincta [14] [15] [16] [17] . No proteomic comparison has been made between extracts from different bloodfeeding nematodes but this approach should readily identify if potential vaccine candidates are shared by related species.
Given that anaemia and a reduction in weight gain caused by the haematophagous activity of adult stages seem to be the most important pathogenic effects of M. digitatus infection in calves and are similar to those observed during infection with Haemonchus placei in calves and H. contortus in sheep and goats [2, 18] , we sought to compare native protein vaccine preparations, enriched for intestinal surface proteins by Concanavalin A lectin affinity binding [19] from H. contortus and M. digitatus using proteomics, and to evaluate the protective efficacy of the latter against H. contortus challenge in sheep as a prelude to vaccine trials in buffalo in India. Cross-protection has been previously shown to occur in trials conducted in sheep which had been immunized with native Ostertagia protein fractions but challenged with H. contortus; the Ostertagia antigens cross-protected efficiently against Haemonchus [20] , as such cross-protection between M. digitatus and H. contortus was believed to be likely.
Materials and Methods

Ethics Statement
All experimental procedures were approved by the Moredun Research Institute Experiments and Ethics committee (Experiment number E31/12) and were conducted under the legislation of a UK Home Office License (60/3825) in accordance with the Animals (Scientific Procedures) Act of 1986.
Parasite Material
Adult M. digitatus were collected post mortem from abomasa of cattle collected at an abattoir in Salem, India. Adult Haemonchus contortus were obtained from a donor lamb following standard methods as described in Smith & Smith [8] . All parasites were stored at 220uC in 1 X PBS until required.
Preparation of Protein Fractions
Protein extraction from M. digitatus was carried out in India with the resulting protein extract transported to Moredun Research Institute (MRI) whilst maintaining a cold chain; H. contortus proteins were purified at MRI. Proteins were extracted using a protocol based on the method in [21] . The parasites were washed several times in 1 X Tris buffered saline (TBS) at a ratio of 10 ml per g dried worms and the worm pellet then homogenised on ice using a chilled pestle and mortar followed by a chilled glass hand homogeniser directly in a 1.0% v/v Triton X-100 buffer. The homogenate was then centrifuged at 2500 X G for 20 mins at 4uC. The supernatant was removed and filter sterilised through a 0.45 mM filter before being mixed with ConA lectin-agarose (Vector laboratories) on a rotary mixer at 4uC for 1 hour. The Protein-ConA-agarose complex was allowed to settle under gravity at 4uC and the supernatant removed. This washing procedure was repeated on 3 occasions using a 0.25% v/v Triton X-100 buffer and then bound proteins were eluted by using a buffer containing 200 mM a Methyl-D-mannopyranoside and 200 mM a Methyl-D-glucopyranoside. The resultant protein solutions were subsequently passed through a 0.22 mM filter. The H. contortus extract made using this method was named Hc extract A. A second H. contortus extract was made following the method in [20, 19] , and is referred to as Hc extract B. Briefly, with centrifugation between each step, adult parasites were extracted in PBS to remove water soluble proteins, then the resultant pellet extracted in PBS/Tween 20 to solubilise membrane-associated proteins with the final pellet solubilised with PBS containing 1.0%v/v Triton X-100. The solution was pumped through a column containing ConA lectinagarose (Vector laboratories). After thorough washing in a 0.25% v/v Triton X-100 buffer, the column bound proteins were eluted using a buffer containing 200 mM a Methyl-D-mannopyranoside and 200 mM a Methyl-D-glucopyranoside.
Protein concentration was estimated using a Pierce BCA Protein Assay Kit (Thermo Scientific), according to the manufacturer's instructions. An aliquot of each of the M. digitatus and H. contortus protein elutions were concentrated using the Amicon Ultracel centrifugal filters (Millipore) with a 10 KDa cut off, before a final estimation of protein concentration was obtained. 
Proteomic Analysis of Protein Fractions
Author Summary
Parasitic worms infecting the intestines of grazing livestock cause economic losses and welfare problems. Infection is predominantly controlled by wormers, the indiscriminate use of which has led to drug-resistance problems in the worms infecting livestock on which many of the world's resource-poor farmers are dependent. New and cheap control methods are needed. Vaccination with protein extracts from the parasite Haemonchus contortus reduces the burden of infection and some work has indicated that cross-protection between closely related parasites is possible. Typically, these extracts are made using relatively sophisticated centrifugation and chromatography equipment as well as needing refrigeration capabilities. In this study, the authors show that equally efficacious extracts can be prepared using a very simplified protocol not requiring these specialist facilities. Proteomic analyses demonstrated the close similarity between protein extracts from both H. contortus and Mecistocirrus digitatus and vaccine trials in sheep showed that the simplified extraction protocol resulted in an equally efficacious vaccine compared to the more complex methods described prior to this work. Antigenic cross-reactivity was demonstrated between extracts from the two species; the M. digitatus extract gave a slight reduction in worm egg output when used to vaccinate sheep challenged with H. contortus.
Liquid chromatography-electrospray ionisation-tandem mass spectrometry (LC-ESI-MS/MS) was carried out on the proteins contained in one complete lane from each species at the MRI Proteomics facility using the method as described previously in Wheelhouse et al [22] to provide an estimate of the relative abundance of each protein. Mascot generic files were generated and submitted to a local database server, utilising ProteinScape version 2.1 (Bruker Daltonics), to perform database searches against the NCBI non-redundant eukaryotic database (http:// www.ncbi.nlm.nih.gov/) and the NEMBASE4 nucleotide database (http://www.nematodes.org/nembase4/index.shtml), using the MASCOT (Matrix science) search algorithm. The carbamidomethyl (C) modification was fixed whilst the Deamidated (NQ) and Oxidation (M) modifications were variable, peptide and fragmentation mass tolerance values were set at 0.5 Da, allowing for a single 13 C isotope. Peptide matches were compiled into a protein list compilation (PLC) search result and the quality of proteins inspected manually. Proteins with three or more peptides, or two peptides and with a Molecular Weight Search (MOWSE) score greater than or equal to 90, were deemed significant if at least two different peptides were observed to contain an unbroken run of 4 'b' or 'y' ions. The NCBI or NEMBASE protein hit identity for all selected proteins (those passing the quality checks) was determined and the number of identical proteins in each of the databases for both H. contortus and M. digitatus determined. Proteins identified as mammalian, trypsin or keratin were removed from the analysis.
Subsequently, to determine the identity of individual bands of interest, visible bands were excised from a second gel which had been loaded with 3.29 mg M. digitatus extract and 3.17 mg Hc extract A in NuPAGE LDS sample buffer and run as described above to provide identification of individual bands. These individual bands were subjected to LC-ESI-MS/MS and MAS-COT searches against both the NCBI non-redundant eukaryotic database and the NEMBASE4 nucleotide database carried out, as described previously. The quality of the protein matches was manually inspected as described for the PLC results.
Vaccine Trial
A vaccine trial comparing the efficacy of the Hc extract A and M. digitatus protein extract against Hc extract B and an unvaccinated control group was undertaken, following standard methods as described in Smith and Smith [8] . Briefly, groups (n = 7) of indoor housed, parasite free lambs, matched for sex and weight, were vaccinated sub-cutaneously three times, three weeks apart with a dose of 40 mg/mL of protein extract (either Hc extract A, Hc extract B or M. digitatus extract) in TBS with VAX Saponin adjuvant (Guinness Chemical Products Ltd) at a final concentration of 1 mg/mL. The unvaccinated control group received VAX Saponin adjuvant in TBS only. On the third vaccination day all lambs were challenged with 5000 H. contortus L 3 s suspended in water per os. From fourteen days post challenge, twice weekly faecal egg counts (FECs) using a modified technique as described in Jackson [23] , were carried out on faecal samples obtained per rectum. Individual cumulative FEC were estimated by utilising the area under the curve calculation with the linear trapezoidal rule. The mean cumulative FEC for each group was subsequently calculated. Sheep were euthanized on day 35 post challenge, when it was anticipated that all worms present had reached patency, and worms recovered following methods described in Patterson et al [24] . Mean total, male and female worm burdens were calculated for each group.
Statistical analysis of the FEC and worm burden results was carried out following the guidelines set out in Coles et al [25] , data was analysed using Minitab (version 15). The non-parametric Kruskal-Wallis test, followed by Pairwise Mann-Whitney tests, with adjusted P values for multiple comparisons (Bonferroni correction), was used to determine whether statistically significant differences in worm burdens and cumulative FEC were present between the vaccinated groups compared to the unvaccinated control group. S.E.M., range and percentage efficacy (P.E.) for the group mean worm burdens and group mean cumulative FEC were calculated; the P.E. for each vaccinated group was calculated relative to the unvaccinated controls.
Western Blot of Protein Fractions
2.85 mg M. digitatus extract and 2.83 mg Hc extract A in NuPAGE LDS sample buffer were heated at 70uC for 10 mins, then loaded onto a 4-12% Bis-Tris gel (Life Technologies) in 1 X MES buffer (Invitrogen) and run at 200 V for 50 mins following the manufacturers' protocols. 8 mL PageRuler Prestained Protein Ladder (Fermentas) was run alongside the samples, before being removed with a scalpel. The gel was transferred onto a nitrocellulose membrane (Invitrogen) for 1 hour using the XCell blot module, washed twice in a 50 mM Tris, 2.5M NaCl, 0.25% Tween20 pH 7.4 buffer (TNT) before being blocked overnight in TNT. 200 mL sera from each Md extract vaccinated lamb taken 7 days after the third vaccination was pooled together then diluted 1 in 200 in TNT. The blot was incubated in the diluted sera for 1 hour then washed for 10 mins three times in TNT. Monoclonal mouse anti goat/sheep IgG-HRP1 (Sigma-Aldrich) was diluted 1 in 1000 and the blot incubated in it for 1 hour, followed by three 10 mins washes in TNT. Finally the blot was visualised by incubation in DAB reagent (Sigma-Aldrich) until bands became visible.
Results
Proteomic Analysis of Protein Fractions
The relative abundances of different proteins are shown in Figure 1 , whilst the identities of individual protein detected in H. contortus and M. digitatus (Figure 2 ) are shown in Tables 1 and 2 respectively. The most frequently identified hits in the H. contortus NCBInr database (representing 22.7% of the results each) were for aminopeptidase, such as H11 and apical gut membrane polyproteins including the P100GA and P46GA2 proteins (Figure 1 ). Aminopeptidases were also the most prevalent hit in the M. digitatus NCBInr database (37.5%), and the third most prevalent search result (12.9%) in the H. contortus NEMBASE nucleotide database. Protein disulphide isomerases and aminopeptidases was the most frequently identified hit (25% each) in the M. digitatus NEMBASE nucleotide database. The most frequently identified hit (32.3%) in the H. contortus NEMBASE nucleotide database was protein disulphide isomerase, which also accounted for 13.6% of the protein identities from the H. contortus NCBInr database search. Zinc metallopeptidases were identified more often from the H. contortus database searches, representing 13.64% and 16.1% of the significant hits from the NCBInr and NEMBASE nucleotide searches, respectively, compared to the M. digitatus database searches (0% and 6.3%, respectively). In both the H. contortus and M. digitatus database search results, homologues of other potential vaccine candidates were identified frequently ( Figure 1 ) and included glutamate dehydrogenase [26] and the P100GA proteins [27] . Potential vaccines candidates only identified from H. contortus include a 24 kDa excretory/secretory protein [28] , aspartyl protease precursor [9] and P46GA2 [27] . Only one potential vaccine component was solely identified from the M. digitatus whole lane analysis; a galectin protein 5 identified from the NEMBASE4 nucleotide database search. Between 16 and 41 peptides identified as cysteine proteases (including cathepsins) were present in database searches from both M. digitatus and H. contortus; however none of the proteins passed the quality checks.
The proteomic analyses of the individual bands from H. contortus and M. digitatus protein extracts, excised from a 4-12% Bis Tris gel (Figure 2A ) emphasised the similarity between the two parasites, an observation enhanced by the demonstrable antigenic crossreactivity of the two extracts ( Figure 2B ). The putative identities for these protein bands are shown in Tables 1 and 2 ; further details of the proteomic results for these bands can be found in Tables S1 and S2, respectively. Hc1 and 2 and Md4 are all putative zinc metallopeptidases whilst Hc4, Md3, 5 and 6 are all microsomal aminopeptidases or H11: It is possible that Md3, at 220 kDa, is a dimer of either Md5 or 6. Hc7, at approx 47 kDa, and Md9, at approx 45 kDa share a putative protein identity of P100GA whilst Hc8 and Md10 both migrated at approximately 40 kDa and had putative identities of aspartyl proteases. However, other proteins also gave significant matches to these bands indicating that each band may comprise more than one protein, so the identity of these bands could not be confirmed. Hc9 was identified as a Galectin 5, whilst no M. digitatus bands were identified as galectins. Combined with the previous, whole lane, analysis this indicates Galectin 5 may be present in both species. Two H. contortus bands (Hc3 and 11) and five M. digitatus bands (Md1, 2, 11, 12 and 13) returned results either as no significant hits or hypothetical or uncharacterized proteins. Figure 3 shows the average FECs for each group obtained from twice weekly per rectum faecal samples from day 14 to day 34 post challenge, with the error bars representing the standard error of the mean (S.E.M.) for each group. Both the H. contortus vaccine preparations (Hc extracts A and B) elicited similar levels of significant protection against H. contortus challenge. The percentage efficacy of the Hc extracts A and B, as determined by group average cumulative FEC, was 99.19%, and 99.89% respectively (Table 3 ) with the reductions in total worm burdens being 87.28% (Table 4) . Both the H. contortus vaccine preparations appeared to be more effective against females than males, reducing the worm burden by 94.23% and 79.54% (Hc extract A females and males) and 98.46% and 88.48% (Hc extract B females and males) compared to the unvaccinated controls (Table 4 ). All cumulative FEC and worm burden reductions for Hc extract A and B vaccinated groups were statistically significant (P,0.0167) compared to the unvaccinated controls, with the P value adjusted for multiple comparisons using Bonferroni correction. Figure 3 shows that, although there was an indication that vaccination with M. digitatus derived proteins against H. contortus challenge reduced the group mean FEC slightly; the cumulative FEC P.E. of 28.20% (Table 3) was not statistically significant. The Md extract vaccinated group average FEC was always lower than the controls; between day 67 and 76 post infection, the FECR was between 24.3% and 39.2% compared to the unvaccinated controls (Figure 3) . Average group male and total worm burdens were higher (i.e. negative P.E.) in the Md extract vaccinated group compared to the unvaccinated controls whilst the 14.62% reduction in group mean female worm burden was not statistically significant (Table 4) .
Vaccine Trial
Discussion
The main aim of this work was to compare, using proteomic analyses, the major gut membrane proteins from the closely related haematophagous nematodes, H. contortus (affecting sheep and goats) and M. digitatus (affecting cattle and buffalo), both of which impose significant constraints on livestock production in tropical and subtropical regions of the world. Gut membrane proteins have proven vaccine efficacy in H. contortus [6] , and a recent study showed that vaccination of calves with native parasite gut membrane glycoproteins obtained from H. contortus conferred protection against both H. placei and H. contortus [29] . This work, and a previous study [20] , indicate that good cross-nematode Tables 1 and 2 . B: 2.83 mg of H. contortus protein extract A and 2.86 mg of M. digitatus protein extract were run on a SDS-PAGE gel, transferred onto a nitrocellulose membrane, probed with pooled sera from the M. digitatus protein extract vaccinated lambs taken 7 days after vaccination 3 and visualised with monoclonal mouse anti goat/sheep IgG-HRP and DAB. doi:10.1371/journal.pntd.0002909.g002
Vaccines against Blood-Feeding Livestock Nematodes PLOS Neglected Tropical Diseases | www.plosntds.orgspecies protection could be stimulated by vaccination with gut membrane proteins derived from closely related species. Due to their similar haematophagous life cycle, it is possible that cross protection against M. digitatus could be achieved utilising a vaccine developed against H. contortus [2,29]. If vaccination is going to be a viable method of control for both H. contortus and M. digitatus for resource-poor small-holder farmers then the vaccine production method should be cheap without a requirement for specialist and expensive laboratory equipment. This enables local production with minimal dependency on an extensive cold chain. In this paper we describe such a method. Then, the resulting protein extracts from both M. digitatus and H. contortus were analysed by proteomics to determine whether similar, known candidate vaccine antigens were present in each extract. Finally the protein extracts were tested in a vaccine trial in sheep against H. contortus challenge.
Several reports have described the purification of protective antigens from the intestine of Haemonchus, and they share the need for successive saline and detergent extractions, high speed centrifugation steps and specialist chromatography equipment [19, [30] [31] [32] [33] . Redmond et al [21] used a simple detergent extract followed by affinity chromatography over Con A lectin to isolate a variety of glycoproteins from C. elegans. ConA lectin has a strong affinity for the microvillar surface of the Haemonchus intestine [6, 8] and was used in [21] to isolate similar antigens from C. elegans, antibody to which cross reacted with numerous H. contortus gut 
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H. contortus protein extract run on a 4-12% Bis-Tris gel and bands individually analysed by LC-ESI-MS/MS and MASCOT searches against the NCBInr and NEMBASE4 databases. Only significant hits which were not mammalian, trypsin or keratin are shown, accession numbers for putative hits are shown in Table S1 . doi:10.1371/journal.pntd.0002909.t001
antigens. Here, we used the same technique to prepare antigen extracts from H. contortus and M. digitatus with the modification that the Con A lectin chromatography step was replaced by a simpler protocol of mixing the extract directly with the affinity medium, with an incubation and wash protocol, as described in the materials and methods. The proteomic analyses described underline that this simple method is effective for the isolation of an extract which is highly enriched for intestinal proteins from nematodes and that its composition did not differ obviously from extract B, by comparison to an analysis described by Sherlock [33] . The protein components of each vaccine were determined by both LC-ESI-MS/MS of whole gel lanes (Figure 1) and on individual bands which were excised from the gels (Figure 2A ) and then analysed using LC-ESI-MS/MS (Table 1 , Haemonchus and 2, Mecistocirrus). Analysis of the whole gel slices was performed to ensure all proteins present in the extracts would be identified, not just those in sufficient abundance to create a visible band on the gel, whilst the identity of individual bands was determined by excising these from a second gel. There was a broad agreement between these datasets but there tended to be more unidentified or hypothetical protein bands in the analyses from M. digitatus compared to H. contortus, probably as a result of a lack of specific sequence data for the former. The precise identification of M. digitatus proteins is likely to be hampered by low genomic coverage of M. digitatus and resultant peptide matches with lower percentage sequence coverage and MOWSE scores [34] . Nonetheless, the results of this analysis indicate that similar proteins were extracted from adult H. contortus and M. digitatus and, as such, further validation work on the individual proteins identified from M. digitatus would be a worthwhile step towards developing a multivalent native vaccine for use in areas where co-infection of livestock with Haemonchus species and M. digitatus occurs.
Despite some differences in the migration pattern of the protein bands from M. digitatus and H. contortus, as shown in Figure 2 , the analyses here indicate that both extracts are quite similar in terms of protein functions identified. For example, aminopeptidases including H11, zinc metallopeptidases, and protein disulphide isomerases were prominent in both extracts. Many of these proteins have been associated with varying levels of protection against H. contortus and other nematodes in vaccine trials [6, 9] . H11 is an insoluble gut membrane glycoprotein of approx 110 kDa involved in blood meal digestion in H. contortus and is the most effective vaccine candidate in H. contortus, giving greater than 90% reduction in worm burden [30] . The presence of aminopeptidases, including H11, in M. digitatus indicates that, as a blood feeder like H. contortus, it may also be amenable to the gut antigen vaccination approach. In addition, both extracts contained homologues of zinc metalloproteases, which had been shown previously to be a major component of a host-protective protein complex H-gal-GP [35] . Zinc metallopeptidases were prevalent in the H. contortus database searches, representing 13.64% and 16.1% of the significant hits from the NCBInr and NEMBASE nucleotide searches, respectively and were barely detectable in the M. digitatus equivalents (0% and 6.3%, respectively). Somewhat surprisingly, there were very few hits to cysteine proteases (none of which passed the proteomic quality checks) despite their apparent abundance in EST datasets from the intestine of H. contortus [36, 37] . This anomaly may reflect differences in transcript abundance compared to translation into an actual protein. Gut derived cysteine proteases have been shown to be useful immunogens in H. contortus and in human hookworms, which are also blood-feeders [38, 39] . Protein disulphide isomerases were particularly prominent in both datasets; they play important roles in protein folding, catalysing thiol-disulphide interchange which leads to protein disulphide bond formation. In C. elegans, they have a role in the formation of cuticular collagen network [14] . Although protein disulphide isomerases have been found in several nematodes and have been detected in ES [14, 15, 40] , no report has linked them to the induction of protective immune responses as yet.
Other putative vaccine candidates which have been studied in less detail in parasitic nematodes and which have been identified in this current study include: Glutamate dehydrogenase, the apical gut membrane polyproteins (P100GA and P46GA2), and a 24 kDa excretory/secretory (E/S) protein. Glutamate dehydrogenase has been identified from H. contortus and T circumcincta using ThiolSepharose affinity chromatography but, despite being the major 60 kDa component of the TSBP extract [7] , it did not provide protection against infection [31] . Three proteins, P46GA1, P52GA1 and P100GA1 are encoded by the same gene in H. contortus, initially being expressed as a polyprotein [27] and together giving 60% and 50% reductions respectively in worm burden and faecal egg outputs in goats [41] . In this analysis, P100GA2 was identified from both H. contortus and M. digitatus whilst P46GA2 was only identified from H. contortus. Finally, a 24 kDa excretory/ secretory protein was identified only from the H. contortus protein extract. In H. contortus, this 24 kDa E/S protein, together with a 15 kDa E/S protein reduced FECs by 32-77% and adult worm burden by 64-85% when tested as a vaccine in sheep [28] . Subsequent to the proteomic analysis, a vaccine trial, comparing the efficacy of the Md extract, Hc extracts A and B against H. contortus challenge, was undertaken. Both H. contortus vaccine preparations gave statistically significant levels of protection against homologous H. contortus challenge, compared to the unvaccinated controls as measured by cumulative FEC and worm burden. The levels of protection (reductions in FEC of 99.19% and 99.89% with Hc extract A and B respectively) exceeding figures of 80% efficacy in 80% of the flock predicted by Barnes et al [42] as necessary to provide better protection against infection and disease than standard anthelmintic based control strategies. However, this prediction was made using a computer model based on Trichostrongylus colubriformis, a less fecund nematode. These data indicate that the simplified method used to produce Hc extract A could form the basis for a locally produced vaccine against H. contortus in regions, such as India, where effective cold chains for vaccine distribution are limited, with the proviso that sufficient worm biomass can be harvested, either from donor animals or abattoir material. All the vaccine preparations tested here were more effective against female worms than their male counterparts, probably reflecting the extra nutritional demands imposed by egg production [43] .
M. digitatus is not native to the U.K. so performing a protection trial using a crude M. digitatus protein extract against homologous challenge was not possible. Therefore, a heterologous challenge with H. contortus, which is part of the same Trichostrongylidae family and is also haematophagous, was chosen to determine whether protection could be achieved with M. digitatus protein extracts [18] . Previously, cross protection trials have been carried out using protein extracts from Ostertagia ostertagi and Teladorsagia circumcincta against H. contortus challenge and using H. contortus proteins against T. circumcincta, Trichostrongylus axei and Cooperia oncophora challenge [20, 44] . O. ostertagi proteins cross protected against H. contortus challenge by reducing FEC by 81-97% and worm burdens by 57-84% [20] . In comparison the results of cross-protection trials against T. circumcincta, Tr. axei and C. oncophora were mixed as H. contortus proteins did not provide any protection against infection with any of the aforementioned species, yet T. circumcincta proteins caused a significant reduction in FEC (though no effect on worm burdens) following challenge with H. contortus [44] . In this current trial, there was no effect on H. contortus worm burdens following vaccination with a M. digitatus vaccine extract and the 28.2% reduction in cumulative FEC was not statistically significant. However, it is notable that the FEC were consistently lower in the M. digitatus extract vaccinates compared to the challenge controls from 25 days post-infection. A trial is now in progress in India to determine whether M. digitatus proteins provide protection against M. digitatus challenge. The failure to obtain evidence of effective crossprotection was somewhat surprising given the evidence from prior studies discussed above and that the parasites are closely related and obligate blood feeders. Moreover, the immunoblot data shown in Figure 2 confirms that there is strong antigenic cross reactivity between the H. contortus and M. digitatus extracts. Perhaps the explanation lies in the relative abundance or absence of specific components when the two vaccine extracts are compared. For example, there is solid evidence that the zinc metallopeptidases contribute to vaccine-induced immunity against Haemonchus but these were much less abundant in M. digitatus (Figure 1 ) and the 24 kDa Haemonchus ES protein, associated with strong protective immune responses [28] was not detected in the M. digitatus extract. during preparation of the protein extracts and during the vaccine trial, and colleagues at TANUVAS, Chennai for collection of M. digitatus.
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